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PRESSURE AND FLOW OF SAP IN THE MAPLE 1 

K. M. WIEGAND 

It is with some hesitation that a contribution is here attempted 
to the already voluminous literature regarding the ascent, flow, 
and pressure of sap in trees. Work on the maple has reached 
such a point, however, that it seems desirable to review critically 
our present knowledge to see which, if any, of our various theories 
are tenable, in how far, and why. 

General Account of Conditions Accompanying Flow 

In recent years the phenomenon of bleeding in plant tissue has 
come to be recognized as a very general one. 2 It has been found 
to occur in tissues widely different in nature, and under widely 
different conditions. Perhaps the bleeding of the root, accom- 
panied by root-pressure, is the best known example of this phe- 
nomenon. The bleeding of trees in the spring attracted the 
attention of the early investigators, and has been the subject of 
considerable wonder and mystery ever since. Although it is a 
common phenomenon, we know comparatively little about the 
cause. 

In late winter and early spring, if the maple is " tapped/' that 
is, bored with an auger, sap will flow from the wound in consider- 
able quantity, the flow being dependent very largely upon the 
temperature. Some other trees that bleed in the same way as the 
maple, though usually not to so great an extent, are Juglans 
cinerea, Cladrastis, Nyssa, and sometimes Primus serotina. Later 
in the spring, just before vernation, the birch and grape bleed 
profusely, and, to a lesser extent, also Ostrya, Hicoria, Alnus, 
Malus, Crataegus, Salix, Ulmus, and perhaps a few other trees. 

Investigation of these various trees has shown that they fall 

1 Contributions from the Department of Botany of Cornell University, No. 
109. 

2 Wieler, A. "Das Bluten cler Pflanzen." Cohn's Beitrdge, vol. 6, p. 1, 1892. 
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into two very definite groups as regards the bleeding phenomena, 
with a different source, and perhaps different cause, for the bleeding 
in the two cases. Those which, like the maple, bleed early in the 
•spring and are dependent upon temperature, constitute one class, 
while the late-bleeding ones, like birch and grape, which are not 
intimately dependent upon the temperature, constitute a class by 
themselves. This paper is concerned entirely with the first of 
these two groups, and only a few words will be said about the other 
group at the close, as a matter of comparison. 

Branches cut from certain trees at a low temperature and brought 
into the warm laboratory often show bleeding from the cut sur- 
face. Clark tested sugar maple, white birch, elm, hickory, button- 
wood, chestnut, and willow in this respect. The maple soon began 
to bleed at the rate of 24 drops per minute, while the buttonwood 
bled 11 drops, and the hickory exuded a little very sweet sap, 
precisely as in spring. The birch, chestnut, elm, and willow did 
not flow at all, and were not even moist on the cut surface. I 
have often repeated this experiment with maple branches. By 
passing the branch between the flues of a radiator a very vigorous 
exudation can frequently be obtained. The trees that bleed in 
this way are usually those in which the vessels are comparatively 
saturated with sap. According to Clark, a mercurial gauge at- 
tached to the end of a frozen branch of sugar maple indicated 
pressure and suction when the temperature was raised and lowered 
precisely as it would have done upon a maple tree during the 
ordinary alternations of day and night in the spring of the year 
when the sap is flowing. 

Late Winter Flow in Maple and Other Trees 

Considering its importance from an economic standpoint, the 
subject of maple-sap flow has received comparatively little atten- 
tion. In 1874 and 1875 Clark 1 published the results of several 
years of detailed work upon the maple. These two papers really 

1 Clark, W. S. The Circulation of Sap in Plants (A lecture before the Mass. 
State Board of Agric. at Fitchburg Dec. 2, 1873). Boston, 1874. 

Clark, W. S. " Observations on the Phenomena of Plant Life." 22d Ann. 
Rep. Mass. State Board of Agric, Boston, 1875. 



No. 474] SAP FLOW IN MAPLE 411 

laid the foundation for our scientific knowledge of the bleeding 
in these trees. Not until 1903, after 28 years, did the next im- 
portant contribution to the problem appear. This was the bulletin 
from the Vermont Experiment Station/ and here in one hundred 
and forty-one pages, are extensive records of experiments and 
observations of the most painstaking sort, representing the work 
of several men during a number of sugar seasons. It is the latest 
and most important contribution yet made to our knowledge of 
the subject. The last thirty pages of this bulletin are devoted 
exclusively to tables recording the results of typical experiments 
and determinations along the various lines of research. 

In the succeeding pages I shall first attempt to present in con- 
densed form the main facts connected with maple-sap flow as 
determined by these investigators and then turn to a consideration 
of the various theories in detail. In this review my own observa- 
tions are added only when they are at variance with the others. 

Both Clark and the Vermont workers found slight suction ob- 
taining in the maple tree all through the growing season. This 
negative pressure, averaging 2.25 kg. per sq. in. fluctuated some- 
what during the season, and to a slighter extent it also showed a 
daily periodicity. The latter, however, was not marked. Suction 
■continued in most cases throughout midwinter until February or 
March. Under certain weather conditions, however, the suction 
frequently lessened until the zero point was reached and positive 
pressure resulted. During most of the time until March the 
tension of any sort was almost nil. Then the great oscillations 
which are characteristic of the sugar season, and which are closely 
related to the phenomena of sap flow, set in to continue until the 
buds began to swell. After the buds swelled, the pressure quickly 
disappeared. Sugar has been made from the maple, according 
to Clark, in all the winter and spring months from October to May, 
but, except in the spring, always in small quantities. The flow 
is said to be better in October and November than later, and rarely 
occurs in December, January, and early February except on very 
warm days. During the warm December of 1905 on several 

1 Jones, C. H., Edson/ A. W., Morse, W. J. "The Maple Sap Flow." Ver- 
mont Agric. Exp. Sta., bull. 103, Dec. 1903. 
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bright mornings following cold nights, sap flowed in considerable 
quantity from the stubs where branches had been pruned from 
maple shade trees on the Cornell campus. In the daily papers 
were reports of sugar having been made during that same month. 

The best sap days are those in which a bright sunny morning 
with rising temperature follows a frosty night. The flow is greatest 
early in the morning, decreases gradually as the day advances, 
and ceases altogether during cold nights. It is not a daily perio- 
dicity, however, since on many days no sap flows, while again the 
flow may continue all night. It seems necessary that the rising 
temperature should cross the 0° C. line in order that there should 
be a good "run" of sap. If the temperature remains for several 
days above this point or for several days below it, the flow will 
rapidly diminish, and in from 24 to 36 hours cease altogether. The 
trees will then "dry up" and have to be retapped, even though the 
temperature fluctuates considerably. Hence comes the popular 
belief that the roots must freeze at night in order to obtain a good 
"run" the following day. Depending upon the weather, there- 
fore, the sap flow is usually broken up into periods known as 
"runs." The swelling of the leaf -buds marks the end of the flow, 
or "season." If the day be too bright after the frosty night, the 
flow is apt to start briskly and soon lessen or cease, or if the wind 
be high the flow is soon checked. If the sky be overcast and the 
air has warmed slightly, a satisfactory run is likely to ensue. 
Alternate freezing and thawing, — moderately warm days preceded 
by freezing nights, — are the ideal meteorological conditions which 
promote the flow. Other things being equal, the flow is usually 
greater on southern exposures, since there the temperature ex- 
tremes are greater. 

A manometer attached to a bleeding maple tree shows that a 
considerable pressure exists within the tissues of the wood. It is 
this pressure which causes the outflow of sap, and which is the 
primary phenomenon to be considered. During the best sap days 
the pressure may rise as high as 6.5 to 10kg. per sq. in., but is usually 
less. The pressure is highest on warm sunny mornings after a 
frosty night, and rises very rapidly after the first sunlight strikes 
the tree, so that on ordinary bright sap days it has reached its 
maximum at nine or ten o'clock. After that it gradually decreases 
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toward nightfall. The time of highest pressure does not there- 
fore coincide with that of highest temperature, but often precedes 
the latter by several hours. The maximum pressure on a good 
day usually occurs about one and one half hours after commencing 
in the early morning. If the following night is also cold, then all 
through the night a moderate suction will obtain again, to be 
followed by a similar abrupt rise the following morning. In one 
case, Clark read on the manometer at 6 a. m. a suction sufficient 
to raise a column of water 7.89 meters high, while as soon as the 
sun shone upon the tree the mercury suddenly began to rise so 
that at 8.15 a. m. the pressure outward was enough to sustain a 
column of water 5.63 meters in height, a change represented by 
more than 13.5 meters of water. On another morning the change 
was still greater representing 14.45 meters of water. If the 
night remains warm preceding a thaw, the fall of pressure will 
be much less rapid, and a moderate pressure may continue all 
through the night gradually vanishing during the following day. 
After several days of thaw, suction may obtain most, if not all of 
the time. If the temperature remains below freezing, suction 
may exist for several days until the weather warms. There is 
much to indicate that the normal condition in the maple at this 
period is one of suction. 

A rise of only a few degrees will often cause very great pressure 
if the rise passes the zero point Centigrade. On the other hand 
there may be considerable fluctuation in temperature without 
great fluctuation in tension. This happens when the temperature 
does not cross the zero line. The pressure fluctuations are greatest 
early in the season. During the day, pressure forces into the 
tap-hole all the sap located in the adjacent tissue. The suction 
which ensues on freezing nights possibly draws more sap into 
these tissues, and this in turn is forced out when the tree warms 
up again. The entrance of air is hindered by the impermeability 
of the membranes. 

It was found in Vermont that trees so placed that the morning 
sun shone on the top first y showed pressure there before in the 
lower trunk. On a certain day when there were alternate periods 
of bright sun and clouds, the gauges fluctuated very markedly. 
Two pressure gauges were placed at a distance of twenty feet 
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(6 meters) from each other on an eighteen- meter tree, one being 
near the ground. As a general rule the lower gauge responded 
first, held its pressure longest, and fluctuated more. It showed 
more pressure during the day and more suction at night. The 
higher up the gauge, other things being equal, the less the pres- 
sure. Sap conditions began first in the twigs and external layers 
of the wood, gradually passed to the deeper tissues and lower 
parts, ceasing again in the same order. Clark, on the other 
hand, laid emphasis on the fact that the greatest suction as well 
as the greatest pressure was exhibited by the gauge at the top of 
the tree, but his tables show that this was very unusual. In 
general, his upper gauge registered much below the lower and 
fluctuated no more than did the latter. In one case Clark found 
that on the 19th of April the upper gauge showed little or no 
pressure while the lower one still indicated a pressure of about 
seven kilograms. In good seasons and good sap-spells the pressure 
directed downward in the trunk exceeds that directed upward. 
Later in the season the reverse may be true. Both pressure and 
suction are greater in the outer than in the inner tissues until late 
in the season. The outer tissues respond more quickly to tem- 
perature changes, and the pressure changes here precede those in 
the inner wood (hole 13 cm. deep in a tree 60 cm. in diameter) by 
about one hour. One depth might show pressure or suction while 
the other showed the reverse. 

Pressure is not readily transmitted radially, in fact the trans- 
mission in this direction is very slight indeed. The lateral trans- 
mission of pressure is also very slight, not much more than three 
millimeters, but diagonally it is transmitted quite readily. Two 
years' trial in Vermont showed that a 4.5 kg. pressure under some 
conditions is transmitted through 244 cm. of distance. Smaller 
pressures are not transmitted so far. It seems probable that the 
pressure traverses the tissue entirely by means of the tracheae. If 
two tap-holes are made, one in a vertical line above the other, 
and either one is opened, the fall of pressure in the other is abrupt 
at first but after a short time ceases, and is proportional to the 
distance between the holes. The remaining pressure represents 
the resistance of the intervening tissue to the transmission of 
pressure. In one case a hole bored 122 cm. above a gauge in- 
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clicating 6.8 kg. pressure caused a drop of 3.2 kg. before a stop- 
cock could be inserted. 

The sap flow varies in quantity with the pressure, so that a 
separate discussion of its characteristics is scarcely necessary. Some 
points, however, may be noted. On good sap days the quantity 
is often great, being as much sometimes as 12 liters in 10 hours. In 
some exceptional cases a flow of 20 liters per day has been re- 
corded. Usually the flow is much less, 10 to 12 liters a day being 
an average flow for a moderately good sap day. According to 
the Vermont Bulletin it seems probable that a high registered 
pressure is not absolutely necessary to a good flow of sap, but 
that less pressure with longer duration will give equally good 
results. The rate of flow seems to depend also upon the amount 
of sap present in the wood around the tap-hole as well as upon 
the pressure behind it. 

In general the flow is greatest near the ground. Clark inserted 
a spout at the usual height into a healthy maple which had never 
been tapped, and fifteen meters above this another spout was set 
into the trunk where it was 13 cm. in diameter. In addition, a 
limb 10.6 meters from the ground was also cut off where it was 
2.5 cm. in diameter. In several hours the lower spout had bled 
2.7 kg. of sap, the limb 56.7 gm., and the upper spout not a drop. 
Similar experiments with other trees gave like results. Both 
Clark and the Vermont workers found the down flow, as well as 
the down pressure, greater especially at the ordinary height of 
tapping. At both places, too, it was found that if an incision is 
made into a tree the sap will flow from the upper side of the cut 
and not from the lower unless late in the season. In late spring 
the flow is usually from both surfaces. In other words the flow 
is down from above in the maple, not up from the roots. Clark 
found that a severed tree would bleed profusely from the cut 
surface while the stump remained nearly dry. In Vermont it was 
found that in many cases severed twigs that started to bleed very 
early in the season frequently ceased before the flow from the tap- 
hole diminished very much. Lithium chloride inserted in the 
tap-hole showed that at times, at least, sap under pressure 
moves in the vicinity of the outlet hole at the rate of from 5 to 
15 cm. per minute. 
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Clark found that pressure from the root during the sugar season 
was never more than very slight. Usually there was suction in the 
root throughout this period. At the Vermont Station the results 
were similar, the suction in one case being as much as 2.7 kg. 
There was a very slight fluctuation, however, between day and 
night as in nearly all roots. In no case was there a flow of sap 
from the root until late in April at the time when other trees bleed 
from the root. The root therefore as a source of bleeding in the 
maple is out of the question. 

The sap of the maple is composed mainly of water with a few 
substances in solution. Of these', cane sugar is the most important, 
being present in from 1 to 5 Jo concentration. At first the sap is 
a water-clear, slightly sweet fluid, but as the season progresses 
the flow tends to lessen and the sap is apt to thicken and become 
cloudy or even somewhat slimy at times. Besides sugar there are 
usually small quantities of proteids, of mineral matter, more 
especially of lime and potash, and of acids mainly malic. Traces 
of reducing sugars are sometimes found, usually toward the last 
of the season. The sap from a tap-hole at ordinary height is 
considerably richer in sugar than the sap from the root, and also 
richer than that from taps higher up in the tree. The percent of 
sugar is also greater in sap from near the surface of a tree trunk 
than from deeper in the wood. There is some reason to believe 
that the actual distribution of stored material during the winter 
(starch and sugar) follows these conditions closely with less stored 
starch in the root than above ground, and less in the top than in 
the trunk, but accurate determinations have not been made. In 
Vermont it was found that at the beginning of the season sixty 
percent of the sugar came down from above. At the close of the 
season only about 39^) came from the same source. There 
seemed to be a slight diurnal fluctuation in the percent of sugar, 
it being slightly greater toward nightfall. 

The water content of the wood during the bleeding season 
varies from 30 ^ to bbjo. After the leaves come out it falls to 
from 19 to 30 fo. The Vermont workers found the relative amount 
for root, trunk, branch, and twig to be 29, 30, 34, and 37 respec- 
tively, but variations were so wide that the value of the series of 
averages is open to question. 
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The gas content of maple wood was found by the Vermont 
workers to be about 24 fo of the volume of the wood. This gas 
consists largely of oxygen, carbon dioxide, and nitrogen, which 
are either produced by metabolism or have passed in from the air. 

During the late winter of 1904 I made a number of observations 
concerning the disposition of the gas in the wood of a number 
of trees, and the results may here be added. Sections were made 
with a razor either under water or under oil, and mounted in the 
medium in which cut. Looking quickly through the microscope 
before changes could occur, the disposition of the bubbles of gas 
could be quite readily ascertained. It was found that in the maples 
the vessels contained relatively little gas, sometimes appearing 
saturated with sap, while the wood fibers usually contained a large 
quantity of gas. In some cases the latter were nearly filled with 
gas, in others only a part of them filled, and in a few specimens 
of sugar maple I could find no gas in any part of the section. 
Nyssa and Cladrastis showed little gas in the vessels during the 
bleeding season, and little in the fibers. Juglans showed little in 
the very large vessels while the fibers seemed always to be filled 
with gas. The other trees examined showed more gas than sap 
in the vessels. 

The following table gives the results in detail: — 

a. Sectioned tinder water, and under oil 

Acer pseudoplatanus. Considerable gas in vessels especially near cortex ;■ 
gas in wood fibers. 

Acer saccharum. No gas in inner vessels, possibly a bubble in outer; 
gas in fibers. Bled in room. 

Acer saccharinum. No gas could be found in vessels of this specimen; 
gas in fibers. Branch bled in room. 

Acer platanoides. No gas found in vessels of this specimen; plenty in 
fibers. 

Acer tartaricum. Gas in vessels near bark, elsewhere none found; gas 
in fibers. Branch became damp in room and bled a few drops if heated 
on radiator. 

Acer insigne. Rarely a bubble in vessels; gas in fibers. Branch bled 
a little in room, more on radiator. 

Acer campestre. Considerable gas in vessels; gas in fibers. Became 
damp only on radiator. 
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Juglans cinerea. Little gas in vessels, but fibers filled with gas. 
Branches bled on radiator. 

Nyssa sylvatica. Wood quite highly saturated; little gas in either 
vessels or fibers. Bled on radiator. 

Cladrastis lutea. Same as Nyssa. Bled on radiator. 

b. Sectioned under oil 

Salix fragilis. Large quantity of gas in vessels and fibers. Not even 
damp on radiator. 

Catalpa speciosa. Same as Salix. 

Popidus dilatata. Vessels almost full of gas. Not damp on radiator. 

Ulmus americana. Same as Salix. 

Fraxinus americana. Full of gas; could blow through a piece several 
centimeters long. Not damp on radiator. 

Vitis vulpina. Full of gas. Could blow through. Not damp on 
radiator. 

Prunus virginiana. Large quantity of gas in vessels. Not damp on 
radiator. 

Quercus alba. Much gas. Could blow through. Did not become 
moist. 

Regarding tree temperatures, it was found that in holes 8 cm. 
deep they fluctuated less than air temperatures. According to 
the Vermont Bulletin slight variations in outside temperature 
caused little or no variation within the tree, which on many days 
did not show a range of 2° C. Considerable variation in external 
temperature, however, was followed in due time by corresponding,, 
though less marked, internal fluctuation. Temperatures of -3° C. 
and -2.5° C. were the lowest recorded during the sugar season. 
Thermometers placed in 2.5 cm. deep holes on the north and south 
side of a tree showed during the winter a lower registration on 
the north side at all times except one day when the south wind w 7 as 
blowing. 
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The Gas-expansion Theory 

About twenty-five percent of the volume of a maple tree is 
occupied by gas during the sugar season {Vermont Ball.). The 
presence of so much gas in the wood, together with its ease of 
detection and its known expansive qualities, early led the attention 
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of physiologists to this substance as a source of pressure, and until 
recently it has seemed to many a very probable explanation. 

In 1767, Du Hamel 1 and Dalibard noticed that saturated wood 
became lighter when heated in hot water because of the loss of a 
portion of the contained fluid, and regained nearly its original 
weight when cooled, because of reabsorption. This was true 
except when the water in the wood froze, in which case the wood 
became again lighter in proportion to the frost. 

Hartig, 2 in 1853, experimented with normal living wood using 
shoots of poplar, birch, etc. He found that, if these were taken 
before sap flow had normally begun and warmed over a lamp or 
in the hand, a small amount of sap would appear on the lower 
surface. If the temperature was near that at which sap flow 
normally appeared and the twig was normal, the excretion would 
occur to a slight extent simply by the application of the finger to 
the bark. 

In 1860 appeared the exhaustive paper of Sachs 3 who was the 
first to put the gas-expansion theory on a firm scientific basis. A 
cylindrical stick of Rhamnus frangula 20 cm. long and 1.5 cm. 
thick, after having lain for 4 weeks in water of from 4° to 8° R. 
was treated and weighed as follows: — 

6 hrs. in water at 20° R. weighed 51.4 gms. Water inside 28.6 

" 29.7. 

" 28.6 

" 28.9 

" 28.4 

" 31.3 

" 31.4 

" 29.8 

" 31.5 

Although, as seen from weights No. 2 and No. 7 which are at 
nearly the same temperature, there was a progressive increase in 

1 Du Hamel. Du transport, de la conservation et de la force des bois. Paris, 
1767. 

2 Hartig, Th. "Ueber die endosmotischen Eigenschaften der Pflanzen- 
haute." Bot. Zeit., vol. 11, p. 313, 1853. 

3 Sachs, J. " Quellungserscheinungen an Holzern." Bot. Zeit., vol. 18,. 
p. 253, 1860. 
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weight independent of the experiment, still the abrupt change 
between Nos. 1 and 2, 2 and 3, 5 and 6, 8 and 9 shows very well the 
increase in weight when cooled and a corresponding decrease when 
warmed. 

Similar results were obtained whether or not the wood was com- 
pletely saturated, although all of Sach's experiments seem to have 
been with material rather near the point of saturation. 

In the above experiment the weight of the twig dry was 22.8 
gms. which subtracted each time gave the figures in the last column 
as the amount of water in the twig at each weighing. It will be 
seen that between 4° and 30° there was a loss of 1.6 gms. of water 
from the 31.4 gms., which would equal a loss of 5.09 gms. for 
each 100 gms. of water. Pure water, however, will expand only 
1 gm. for every 100 gms. between the above temperatures. 1 Con- 
sequently water expansion alone will account for only about one 
fifth of the water excretion. Similar results were obtained for 
several other woods, including Corylus amllana, Abies excelsa, 
birch, beech, and oak, except that in the beech and some others 
the excretion was as much as seven times greater than the com- 
puted water expansion or even more. In many cases bubbles of 
air were extruded on warming, and none of the pieces of wood 
were saturated. Therefore Sachs concluded that the increased 
excretion of water must have been due to the expansion of gas, 
and this without doubt is the only true explanation of the pheno- 
mena with which he was dealing. 

After recording this and several other similar experiments, 
Sachs felt warranted in saying that, if a rooted maple tree at a 
temperature of 0° R. in all its parts, is cut in two in the middle 
and the lower part with the roots is warmed, water will flow from 
the cut surface of the stump; and likewise, if the upper part with 
the branches is warmed, sap will flow from the other cut surface. 
If, on the other hand, the tree is not cut, then a pressure will 
arise in the trunk, which, if an incision is made, will result in a 
flow of sap out from both sides of the wound at the same time. 
Sachs considered that many phenomena were readily explicable 
by the assumption of water and air expansion in the wood. 

1 As given in Johnson's Encyclopedia, I find the expansion of water would 
be only 0.425 gms. for each 100 gms. between 4° and 30°; therefore less than 
the amount stated here by Sachs. 
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Sachs says: "If we assume that a stem and root has reached an 
even temperature between 0° and 4° R, and then suddenly a marked 
warming of the air occurs, at first only the crown and the stem are 
warmed, the thinnest twigs first of all; a part of their water is 
forced back into the thicker twigs, these in turn are warmed and a 
portion of their water is forced back into the cold trunk, which 
is warmed most slowly. Even this at length becomes warm and 
soon water is forced into the root. If now after the roots had 
become warm the trunk and top were to become cold through a 
sudden fall of temperature in the air, then a flow would occur 
from the roots toward the stem and from the stem toward the 
branches and so on." He was not sure whether this was the sole 
factor in the sap flow of the maple, birch, etc., in winter. 1 

But is the gas-expansion theory really capable of accounting 
for the pressure observed in the maple tree during the sugar 
season? In the Vermont report, a pressure of 24 lbs. (10.8 kg.) 
per sq. inch was given in one instance, while pressures of 10 to 15 
lbs. (4.5 to 6.8 kg.) were frequent. The change in external tem- 
perature was in these cases about 5° to 8° C, which would mean 
a change of perhaps 3° to 4° within the tree; or, if the sun shone 
directly upon the tree, perhaps there would be a rise of from 5° 
to 10°, especially in the outer wood and twigs. Gas pressure in- 
creases at the rate of -^ for each degree of rise in temperature. 
A 6.8 kg. pressure (atmospheric pressure per sq. inch) would 
therefore equal 6.8 -||- kg. with a rise of one degree. A rise of 
from 5 to 10 degrees, as here supposed, would increase the pres- 
sure only from -^ kg. to -^ kg., a very small amount com- 
pared with the 4.5 to 9 kg. pressure actually obtained. The 
Vermont people are justified, therefore, in asserting that gas 
expansion cannot possibly account for the pressure observed in the 
sugar maple. 

1 For concise statement see his Vorlesungen iiber Pflanzenphysiologie, p. 
245 (ed. 2). Sachs failed to distinguish between maple and birch in regard 
to the nature of flow. It may be also of interest to note that Sachs' conclu- 
sions were at once sustained by Hofmeister who also brought out additional 
evidence to their support (Hofmeister, W., "Ueber Spannung, Ausflussmenge, 
und Ausflussgeschwindigkeit von Saften lebender Pflanzer," Flora, vol. 45, 
p. 97, 1862). 
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Is the gas-expansion theory capable of accounting for the floiv 
from the maple ? A sap flow as high as 20 liters a day has been 
recorded in some instances, but under ordinary conditions the flow 
rarely exceeds 10 liters. If we take a tree 5 dm. in diameter and 
20 meters high, and assume that the branches if pressed together 
in an erect position would approximately complete a cylinder 
with a diameter of the lower trunk and a height of the tree, we find 
that the volume of the tree would be approximately 3.927 cu. m. 
As given by the Vermont Bulletin, about 25^ of this volume is 
gas or about 981,745 cc. This would expand for every degree 
3596.1 cc. For a rise of from 5 to 10 degrees the expansion would 
be from 17,980.5 cc. to 35,961.0 cc. If we were justified in assum- 
ing the transmission of pressure without friction from all parts 
of the tree then this gas expansion would easily cover the ordinary 
10,000 cc. flow, and even the maximum of 20,000 cc. But we 
are not justified in such an assumption. Resistance within the 
tree is great, and pressure, according to the Vermont studies, is 
not transmitted more than eight feet either way from the tap-hole. 
Therefore in such a section of the above trunk 16 ft. long (487.5 cm.) 
and hence containing 239,300 cc. of gas, a rise of one degree would 
cause an expansion of 876.5 cc. or 8765 cc. for 10 degrees. This 
would barely account for the ordinary flow of 10,000 cc. It is 
not true, however, that the whole of the water, even in such a, 
section of the trunk, is in frictionless connection with the tap-hole. 
Water travels with great difficulty transversely from one annual 
ring to another, so that the outer layers only would probably fur- 
nish the main quantity of the sap. In such case the gas expansion 
of these layers would probably be only from \ to \ of the whole 
amount for the above section of trunk, and would scarcely account 
for even the smaller daily flows. 

Moreover, the gas, as shown above, is at this season mostly, 
if not entirely, confined in the wood fibers. Gases diffuse through 
moistened cell walls only with difficulty so that a heavy pressure 
and considerable time would be required before the diffusion could 
be of much magnitude. In answer to this objection it might be 
claimed that if the wood fiber, instead of containing air alone, , 
were partly filled with water, as is frequently true, then the ex- 
pansion of the gas might press the liquid out with much greater 



No. 474] SAP FLOW IN MAPLE 423 

ease than it could pass out itself. However, the resistance in any 
case would be so great that to conceive of even a fourth of the total 
expansion being transmitted to the single small tap-hole is very 
difficult. Then, too, if the fibers are nearly filled with gas as 
seems true in many cases, early in the season at least, the expansion 
could be but slight before the limits of the cell cavity would be 
reached. As there would be no more sap to be forced from the 
cell and as the passage of the gas is difficult, the pressure at the 
tap-hole would necessarily cease altogether. 

The gas-expansion theory cannot account for the pressures 
obtained, and can account for the volume of flow only by assuming 
very improbable conditions. It seems to be really out of the 
question. Sachs' interpretations were doubtless correct for the 
phenomena investigated, but the conditions in the maple tree are 
not of the same nature as those in the blocks of wood used in his 
experiments. 

The Water-expansion Theory 

One of the earliest as well as one of the most general of the 
beliefs regarding the cause of pressure in maple has referred it to 
the expansion of the sap itself as the temperature rose on a good 
sap morning. In presenting the facts favorable to such an inter- 
pretation it is important to note first that in maple during the 
flowing season the vessels are practically full of sap, while the 
gas is mostly localized in the wood fibers. It seems fair to sup- 
pose that the water can be forced from the vessels into the wood 
fibers only with some difficulty. Sachs showed that considerable 
pressure was required to force water through wood in a radial 
direction, and the Vermont experiments show that little pressure 
is transmitted laterally. Therefore if the temperature rises quickly 
in the morning the expanding water may be prevented from flowing 
at once into the fibers. Now if water is held under confinement 
free or nearly so from air bubbles, as is here the case, very slight 
expansion could cause a pressure of very great intensity for a short 
time. When later the water had penetrated the wood fibers, this 
pressure would rapidly fall just as it actually does fall in the maple 
tree. The maximum pressure in the maple occurs one hour or one 
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and one half hours after pressure begins in the morning. From this 
time on pressure falls gradually to the zero point. The highest 
pressure occurs, therefore, several hours before the time of maxi- 
mum air temperature for the day, and the maximum temperature 
within the tree would be still later. Still the most abrupt rise is 
no doubt early in the morning when the sunlight first falls upon 
the tree, while the subsequent daily rise must be much more 
gradual. It might, therefore, be inferred that later in the day the 
percolation of sap into the fibers is sufficiently rapid to offset the 
expansion after the first abrupt rise. 

When the temperature again falls below the freezing point,, 
water would be drawn back into the vessels from the fibers and 
from more distant parts of the tree whither it had been forced. 
In many cases, as seen in the Vermont Bulletin, suction is greatest 
at first, but gradually decreases if the cold persists for some time. 
Suction during cold nights might be due either to the presence of 
a normal two or three pound suction in the tree at this season, or 
to the difficulty which the fluid that had passed into the wood 
fiber encountered in going back through the walls. When the 
temperature remains high, for a long time little pressure occurs 
though the fluctuations in temperature may be great. Only a 
previously low temperature insures a good run when the mercury 
again rises, and it is better if the cold endures for several days. 
A cause of this might be that at the high temperature, air creeps 
into the vessels from the expanded gas in the various tissues so 
that fluctuations are no longer transmitted. During the con- 
tinued cold the air would pass back to the older cells thus leaving 
once more a solid column of water. 

The objection that the sap occupies its least volume at 4 degrees 
and therefore at a temperature above that at which pressure begins, 
is invalid because only pure water behaves thus. With concentra- 
tion of solution this density point falls much more rapidly than the 
freezing point, becomes less marked, and soon becomes identical 
with the freezing point so that with comparatively slight con- 
centration it would either have disappeared entirely or at least have 
fallen to 0° C. when it could no longer be used as an objection. 

It is possible, therefore, to explain the extreme pressure and 
many fluctuations peculiar to the maple by this theory, but it has- 
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one very weak point. This is the assumed high impermeability of 
the fiber walls. Although it is probably impossible to force water 
through many such walls with the pressure observed, still we are 
scarcely justified in assuming that one or two walls only separating 
the vessels from the adjacent fibers would be so highly impermeable. 
This seems improbable. 

To determine whether this theory will account for the volume 
of flow a few computations must be made. In the Vermont 
Bulletin the trunk of a certain tree was computed to contain 1220.5 
lbs. (553,609.6 cc.) of water (p. 62). The coefficient of expansion 
of water between 4° and 8° C. is 0.000,118 for the whole 4 degrees, 
which would give an increase in volume of 65.3 cc. for the whole 
amount. A rise from 8° to 15° C. with a coefficient of 0.000,729 
would give an additional 403.5 cc. Since tree temperatures vary 
only a few degrees the expansion in any case would be only a very 
small fraction of the whole flow. For a tree 20 meters high and 
5 dm. in diameter, the volume would be 3.927 cu. m., provided 
that the branches if pressed together would approximately fill out. 
the trunk cylinder to the total height of the tree. If a cubic foot 
of dry maple wood weighs 43.08 lbs. the dry tree would weigh 
2,709,895 gms., 45fo of the tree is water, and 55fo is wood; there- 
fore, the weight of the water would be 2,217,332 gms. The ex- 
pansion from 4° to 8° C. would be 261.7 cc. If it were possible 
to believe that the water of the whole tree could flow to the tap- 
hole without resistance, the flow would be still only one fourth 
to one half of the actual daily flow. Since, however, it has been 
shown that pressure is transmitted only about eight feet each way 
from the tap-hole, the volume of water which expansion might 
cause to flow to the tap-hole would be only a fraction of the whole. 
If water passes into the wood fibers to any extent the flow due 
to expansion would be still less, only about ^ to ^ of the whole 
flow. 

The wood of the majority of trees is structurally so constituted 
as to render the passage of water difficult radially from one annual 
ring to another, while at the same time there may be fairly good 
communication laterally owing to the bordered pits (in the Coni- 
fers) and the anastomosis of vessels in the broad-leaf trees. It is- 
very probable, therefore, that not the whole 16-foot (4.8 meters) 
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section of the trunk would be tributary to the tap-hole, but only 
the few outer layers. If this be true, the flow to be expected from 
this source would be an extremely small fraction of the whole 
flow, not more than ^ to -^. It is obvious, therefore, that sap 
expansion cannot account for the flow in the maple. 

Moreover, it is also not easy to see why air should pass back 
into the wood fibers on cooling below 0° C. at a time when there is 
actual suction in the vessels. Even if this were possible the 
theory cannot account for the flow, and can account for the pres- 
sure only by supposing the walls of the wood fibers impervious to 
water to an extent beyond the range of probability. The water- 
expansion theory must therefore be considered almost, if not 
quite, out of the question. 

The Wood-expansion Theory 

There is still another possible source of pressure due to heat 
expansion, namely, the expansion of the wood itself. Wood ex- 
pands, as well as swells, more in transverse than in longitudinal 
direction. The coefficient of expansion as determined by Villari 1 
for dry maple wood is 0.000,006,38 in longitudinal direction, and 
0.000,048,4 parallel with the radius. The coefficient for wet wood 
is not recorded, but it must be considerably greater. 

Let us suppose that the rising sun falls abruptly upon the tree 
or that the air temperature itself rises rapidly; then the outer 
layer of wood will be warmed much more rapidly than the inner, 
and probably the rise will be several degrees in the outermost 
layers. These outer layers will tend to expand, but being firmly 
united with the inner, such expansion is possible only to the extent 
of the elasticity of the wood. The result will be, therefore, a pres- 
sure among the elements composing the outer layers. The vessels 
of maple wood are quite large and surrounded by fibers. Since 
the latter contain the bulk of the wall-substance, they, in expand- 
ing, would tend to press upon the large cavities, the vessels. Since 

1 Villari, L. " Experimental-Untersuchungen liber einige Eigenschaften 
des mit seinen Fasern parallel oder transversal durchschnittenen Holzes." 
Pogg. Ann. d. Physik u. Chemie, vol. 133, p. 400, 1868. 
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the walls of the vessels are not so thick as those of the fibers, it is 
very likely that the large tubes would become to a slight extent 
collapsed. If they were completely filled with sap, the pressure 
would be transmitted directly to the pressure . gauge. Later in 
the day, the temperature having penetrated to the inner layers of 
the tree, the pressure would disappear. Such a theory could also 
account for the very slight pressure observed in twigs which have 
a small diameter and are therefore quickly heated throughout. 

Again, from another standpoint, 1 it is known that wood expands 
more across grain than longitudinally. Probably, like the swelling 
of wood cells, this is dependent upon the micellar structure of the 
walls themselves. As in the case of swelling therefore, it mav be 
that the wood is free to expand tangentially, but is retarded radially 
by the massive pith-rays, the cells of which lie upon their side so 
to speak, and therefore expand less in the radial direction. The 
wood may in this way, independent of the contrast between inner 
and outer temperature develop an internal pressure, which would 
tend to compress the vessels as in the previous case. Pressure 
produced by this method, however, would not tend to disappear 
with the penetration of the heat. 

As in the water-expansion theory, here, too, the same relation 
must be supposed to exist between the wood fibers and the vessels, 
and the same impenetrability of the walls must be assumed. Con- 
sequently the objection must again be brought forward to assuming 
such a high degree of impermeability. The expansion of wood is 
even less than that of water and hence a still higher impermeability 
must be assumed. Granted this impermeability, however, an 
almost unlimited pressure could be theoretically obtained. 

Suction could be accounted for, as in the water-expansion theory, 
either by supposing a normal two or three pound suction in the 
tree, or by supposing that some fluid had passed into the wood 
fibers and was retarded in its return. 

The occurrence of maximum pressure so early in the day could 
be accounted for under the first method of pressure-origin by 
assuming that after a short time the temperature in the outer and 
inner layers had equalized to a large extent; and under the other 

1 Roth, F. "Timber." U. S. Dept. Agric., Dept. Forestry, bull. 10, p. 32. 
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method by assuming that after the first abrupt expansion the sap 
flowed off through the tissues to the wood fibers, or to more distant 
parts of the tree faster than expansion took place. 

Let us take the same case cited under the water-expansion 
theory of a maple tree 20 meters high and 5 dm. in diameter at the 
base, and a volume approximately 3.926,98 cu. m. as determined 
above. The radial coefficient of expansion for dry maple wood 
is 0.000,048,4; if wet it would be greater, suppose 0.000,088,4. In 
tangential direction it would probably be greater still owing to the 
absence of pith-rays, say 0.000,15 or an average coefficient of 
0.000,119,2. The radius is 0.25 m., and for one degree of rise 
it would become 0.250,029,8 m.; the area would be 0.196,396 
sq. m., and assuming that the length remains the same, the 
volume would be 3.927,92 cu. m., an increase of 940 cc. for 
one degree, or 3660 cc. for four degrees. This is only about 3.6 
liters to be compared with the actual flow often of 10 or more 
liters. Under the most favorable conditions, presupposing the 
transmission of pressure from the most distant parts of the tree, 
and the equal penetration of heat, the flow would be only a fraction 
of the total flow on many days. If the pressure is transmitted 
only eight feet each way the flow would be slight indeed, and if 
produced only in the outer layers, as it would be necessary to 
suppose if we consider the pressure due to contrast between inner 
and outer temperatures, the flow would be insignificant. 

In order that the pressure should become evident at all from 
such a source an almost absolute impermeability of the fiber walls 
must be assumed, otherwise the very insignificant amount of 
expanded water would in a very short time pass through and 
pressure would soon cease. This theory, therefore, fails to account 
for the volume of sap flow; and pressure can be accounted for 
only by assuming the almost absolute impermeability of the walls 
and saturation of the vessels, the former of which at least, is very 
improbable. 

Combination of Gas- and Water-expansion Theories 

It has been shown that the expansion of the gas cannot account 
for the pressure, and can account for the volume of flow only when 
the resistance within the tree is reduced to a point considerably 
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below what we should expect. Supposing, however, that it is 
able to account for the flow, is there any way of combining this 
with the water expansion so that the water expansion will account 
for the pressure and the gas expansion for the flow ? 

Early in the sap season the wood fibers appear filled with gas 
while the vessels are nearly or quite saturated with sap. The 
sunlight falling upon the tree in the early morning would rather 
abruptly warm the outer layers several degrees. Provided now 
that the walls of the fibers are slowly permeable to water, as has 
already been shown to be the case to some extent, then a high 
pressure would be produced by the expansion of the water in the 
vessels. Rapid expansion would quickly diminish, however, and 
the slow filtration of sap into the wood fibers would at first counter- 
balance the remaining expansion, then finally reduce the whole 
pressure gradually to nearly zero. Fall in temperature late in the 
day would aid this. Since some of the sap has passed into the 
wood fibers there would be suction at first at night. This would 
gradually decrease as the night progresses owing to the return 
filtration from the wood fibers. This theory could therefore 
account for the fall in pressure before the maximum temperature 
in the outside air is reached. Since the fall of temperature is 
always more gradual than the rise, due to the direct rays of the sun, 
the suction at night would never be as great as the day pressure, 
and it never is. After several days of rapid fluctuation of temper- 
ature, or after a period of warm weather, gas might separate in 
the vessels thereby rapidly diminishing the pressure to be ob- 
tained by equal fluctuations of temperature. This fact would 
account for the cessation of flow during a protracted thaw. A 
continued period of cold, however, might cause the absorption of 
gas and the resaturation of the vessels. 

The flow can be accounted for by this theory only by supposing 
the wood fibers but partly filled with gas, thus allowing expansion. 
The expansion of the gas within the cells as the temperature rises 
will gradually force sap out into the vessels. The sap will then 
flow from the tree if tapped until the gas expansion is completed. 

The objections to this theory are several. It must assume an 
impermeability of the wall substance which is beyond probability. 
Again, the volume of water produced by expansion is only about 
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one liter from the whole tree. Since this is distributed over the 
whole tree, and the numerous vessels expose an immense surface 
to the wood fibers, an almost complete impermeability would be 
necessary to affect the pressure markedly. But the gas expansion 
must later be supposed to overcome this same resistance. Con- 
sidering the weak pressure of the gas and its compressibility it 
would be impossible for more than a small fraction of the whole 
volume of gas expansion to be transmitted to the tap-hole. The 
volume of flow is only barely accounted for by the total gas ex- 
pansion, hence under these conditions only a small fraction of 
the flow would occur. Again, if gas expansion in the fibers causes 
flow, the latter would rise to a maximum slightly after the air 
temperature. The water expansion in the vessels would tend, 
however, to cause maximum flow at maximum pressure. The 
actual maximum would be a resultant of the two, so the curve of 
flow would reach its maximum later than the pressure curve and 
fall much more slowly. This is not the case with curves prepared 
from tables in the Vermont report. The curves of pressure and 
flow are almost exactly coincident. 

It seems evident therefore that this theory also must be laid 
aside. 

Combination of Wood-expansion and Gas Theories 

It has been suggested that although the expansion of the wood 
is not sufficient to account for the total flow of sap, still, if com- 
bined with the gas expansion, the two together might account for 
both pressure and flow. Granting that the vessels are nearly if 
not quite saturated with water and that the gas is mainly within 
the wood fibers, both of which conditions seem to be true, then 
when the tree warms, the conditions would be as follows. The 
rapid warming of the outer layers of wood when the sun first falls 
upon them in the early morning would produce pressure as already 
outlined. With the vessels saturated, this pressure might be very 
great. As the day progresses the expansion of the wood goes on 
more slowly, and as the inner layers become warmed the outer 
layers are subjected to constantly decreasing strain. Meanwhile 
the sap would be constantly but slowly filtering through the walls 
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into the cavities of the wood fibers and thus compressing the gas 
there present. This filtration, although too slow to offset all the 
pressure early in the day would materially decrease it, and later 
overcome it altogether. But the gas has meanwhile become 
warmed and tends to force water back into the vessels. If the 
tap-hole is open, a flow due to the gas expansion would occur. 
Such a flow would be greatest early in the day when the wood 
expansion was also acting and gradually decrease but at a much 
slower rate than the decrease of pressure, due to the great elasticity 
of the gas and to the fact that the maximum volume of the gas 
would be at maximum temperature. The retarding effect of the 
slow conduction of heat would probably postpone the maximum still 
later. If we assume, therefore, that the expansion of gas at these 
temperatures is great enough to account for the volume of flow, 
then this theory might possibly furnish a means of accounting for 
the pressure and flow together. 

The objections are several, and fatal to the theory. The most 
important objection lies in the probability that gas expansion 
cannot account for the flow, as outlined above under the discussion 
of that theory. Much less could the gas account for the flow if 
considerable force were required to transfer the sap through the 
walls of the vessels, as our present theory demands. Again, as 
described under the water-expansion theory, we have no good 
reason to assume such an almost absolute impermeability of the 
cell walls to water. Again, curves plotted from tables XVI' and 
XVII of the Vermont report show that the sap-flow and pressure 
curves are practically parallel. The maximum pressure and maxi- 
mum flow are coincident, and both decrease gradually and equally 
as the day advances. The maximum of each occurs usually 
within an hour or two after starting, and the fall begins some time 
before the maximum temperature of the air, much less of the tree, 
is reached. 

This theory also must be laid aside as improbable. 
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The Freezing Theory 

Professor Clark 1 and others were inclined to believe the pressure 
in the maple due to the expansion caused by the freezing of the 
water within the tissue. "The sap is separated from the cellulose 
of the wood by the cold and under ordinary conditions reabsorbed. 
The bleeding is, therefore, a sort of leakage from the wood, but 
this is doubtless increased by the elastic forces of the gases in the 
tree which are compressed by the liberated sap, and the expansive 
power must be intensified by the increase in temperature which 
always accompanies a flow. 

" This theory explains the fluctuation of the gauges, and accounts 
for the singular fact that the upper one shows the most pressure 
and the greatest variations in as much as the branches and twigs 
would of course be most quickly and powerfully affected by the 
heat of the sun and the temperature of the atmosphere. The pres- 
sure of the expanded gases in a tree in a normal condition would 
facilitate the reabsorption by the wood of the liberated sap. Their 
contraction by cold would also cause the cessation of flow from 
a tree which was running, and produce the remarkable phenom- 
enon of suction exhibited by the gauges at night or during frosty 
weather." 

That the water would be drawn from the walls, our present 
knowledge of the freezing process shows to be true. First, the 
water in the lumen would congeal, then to these crystals water of 
imbibition in the walls would flow. If at the start the vessels are 
nearly or quite saturated, then the extra water from the walls, to- 
gether with the expansion of the forming ice, would very naturally 
cause great pressure. In this wise the walls of the vessels or 
other chambers containing ice would be forced apart in proportion 
to their elasticity so that on thawing, the water would be under 
great pressure until sufficient time had elapsed for it to return 
again to the cells and walls from which it came. 

It is difficult to compute the amount of flow that could be 
expected from such a source of pressure, but it might be consider- 
able depending upon the amount of elastic expansion of the tracheal 

1 Clark. Observations on the Phenomena of Plant-life, p. 62. 
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walls, and the slowness of the return of water to its original location 
in the walls. 

The objections to this theory are very serious. Firstly, the 
forces of imbibition are sufficiently strong ordinarily to insure a 
comparatively rapid return of water to the cell walls. The return 
of water to the walls in thawing winter buds I have observed to 
take place almost immediately. Flow and pressure throughout 
the entire day could not be accounted for in this way. Secondly, 
ice does not form in wood at the temperatures obtaining during 
the season of flow. A tree temperature of -3° C. was the lowest 
obtained by the Vermont Station during this period, while on many 
good sap days the tree temperature at night was only -0.5° or 
-1° C. The overcooling point, not the true freezing point, is of 
importance in determining whether ice will be formed, and this 
is always several degrees lower than the freezing point in all 
plant tissue. Both are lower than the freezing point of pure water. 
Muller-Thurgau * found these temperatures for various sorts of 
wood as follows: — 

overcool. pt. freez. pt. 

Stem of small apple tree -7 . 2° C 

One year shoot of pear -3.9 -0.22°C. 

One year shoot of pear -2.18 -0 . 25 

Old wood of grape -6.05 -2.85 

Young wood of grape -2.9 -2.1 

" " " -3.5 -3.35 

" " " -2.9 -2.5 

Fir wood -5.4 -0.4 

The overcooling point seems to be greater in the more dense 
woods than in the grape probably because of the large vessels and 
watery sap offering little resistance to the inception of ice for- 
mation. Maple wood would be of the closer grained type. Ice 
formation would probably not commence before a temperature of 
-4° to -7° C. was reached. Dixon and Joly 2 found that ice began 

1 Miiller-Thurgau. "Ueber das Gefrieren und Erfrieren der Pflanzen." 
Landw. Jahrb., vol. 15, p. 492, 1886. 

2 Dixon and Joly. "The Path of the Transpiration Current." Ann. Bot., 
vol. 9, p. 416, 1895. 
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to form in wood of Taxus at -10° or -11° C. Therefore only 
during the coldest nights of the sugar season could ice ever form 
in the wood. Some of the aberrations in the readings obtained 
by various investigators on very cold nights seem to be due to this 
cause, since it is not improbable that if ice actually does form in 
the vessels an increase of pressure at night rather than a decrease 
may be evident for a time. 

Freezing, therefore, plays no important part in the phenomena 
under discussion. 

Theory that Pressure is due to Activity of Living Cells 

Having exhausted the possibilities in which mere physical force 
due to expansion is the main factor, we come now to the theories 
, in which protoplasm plays the main part. 

Pressure cannot be caused by the contraction of the protoplasm 
with forcible ejection of the sap because of the fragile nature of 
the ectoplasm. Even if this were sufficiently strong no pressure 
could be obtained unless the exit from the contracting sack was 
into a reservoir unconnected with the space around the remaining 
surface of the sack. Otherwise the extruded sap would simply 
occupy the space left by the contracting protoplasm, and no in- 
crease in volume would take place. The alternative then, is for 
the pressure to be caused by osmotic phenomena. Pressure and 
flow if accounted for in this way must presuppose an exudation, 
under pressure, of sap from the living cells. 

Exudation is known to occur in Mucor as described by Pfeffer.. 
In Spirogyra at very low temperatures near zero C, water has been 
observed to appear in droplets upon the surface of the cells. 1 

Drops of water are secreted from the cells of the pulvinus in 
Mimosa when stimulated, and from the sensitive staminal filament 
of the Cynarese. At present bleeding pressures in root and stem 
tissues can be accounted for in no other way. The phenomenon 

1 Pfeffer. Pflanzenphysiologie, ed. 2. 

Greeley, A. W. "On the Analogy between the Effects of Loss of Water 
and Lowering of Temperature." Amer. Journ. Physiol., vol. 6, p. 122, 1901 r 

Livingston, B. E. The Role of Diffusion and Osmotic Pressure in Plants.. 
Chicago, 1903. 
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is, therefore, one known to occur in plant tissues and is apparently 
much more widespread than was formerly supposed. Research 
is tending to show that bleeding occurs among cells of widely 
different tissues, and is probably to be considered a normal and 
very general phenomenon in plants. 1 

The exudation can be conceived to be produced in either of two 
ways : either by change in permeability of the diffusion membrane 
allowing water to pass with less friction, or by a change in osmotic 
tension. In regard to the first method it may be said that although 
diffusion membranes are considered to be freely permeable to water 
they really are not quite so. A force is required to press water 
through such a membrane as is shown by the fact that a bladder 
may be filled with water and suspended in air without the water 
escaping immediately. It is conceivable, therefore, that a portion 
of the cell membrane might become quite freely permeable to the 
solvent while the remainder continued dense. But so far as we 
know the resistance to the passage of water is very slight and plays 
no great part in the determination of pressure in osmotically 
active cells. So far as our knowledge goes, osmotic pressures are 
the same, no matter what membranes are used, providing that the 
solute is of the same nature and density, and that the membrane is 
permeable to it in the same degree, and also permeable to water. 
The osmotic pressure of water has been demonstrated in con- 
nection with some artificial membranes, but was always found to 
be slight. So far as we know at present all pressures of any 
moment in connection with semipermeable membranes are pro- 
duced directly or indirectly by the action of the solute, and are 
proportional to the quantity of the latter present. 

We have remaining the alternative of a change in osmotic ten- 
sion. But such an alteration in osmotic tension is not sufficient 
in itself. Water might be excreted from the cells by a simple 
change in permeability of this sort, but the production of pressure 
in the surrounding tissue would be impossible, for as the water 
passed out from the cell, the latter would decrease a like amount 
in volume and no pressure would ensue, simply a change of location 



1 Wieler, A. "Das Bluten der Pflanzen." Cohn's Beitrdge, vol. 6, p. 1, 1892.. 
See also Pfeffer, Pflanzenphysiologie. 
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of the water with reference to the membrane of the cell. To ob- 
tain pressure externally by osmotic action it is necessary to assume 
a flow of water through the cell. But if the two reservoirs of supply 
a,nd excretion are confluent then there will be a flow through the 
cell, in at one point and out at another and back again outside to 
the starting point, thus forming a circle of flow; and there would 
be no external pressure. The reservoir of supply to the cell must 
be distinct from the reservoir of excretion. Pressure will then be 
produced in the latter reservoir while at the same time, in the 
former a tendency toward suction will occur. 

Flow through a cell will occur as Pfeffer 1 has already shown 
(a) if the solute passes through the membrane more easily at one 
end than at the other. Osmotic tension will here be less and the 
water will be forced out by the tendency to greater pressure at the 
other end. Flow will be in at the side of less permeability and out 
at that of greater permeability. Such a condition has been 
demonstrated experimentally in an artificial cell by Copeland. 2 
Or (b) a flow will occur if the solute is more concentrated at one 
end of the cell. Water would enter in this case at the region of 
greatest concentration (greatest osmotic pressure), and pass out 
at the region of least concentration; and would continue to flow 
as long as the solute remained thus distributed. The difficulty 
in this case would lie in the maintenance of unequal concentration 
of the solute within the same cell. Since diffusion would soon 
equalize any such irregularity it could be accomplished only by 
the constant production of more solute at a certain point. 

If pressure is due to the unequal permeability of the membrane 
to solute then there must always be a secretion of solute along with 
the sap into the chamber showing the increased pressure. Sap in 
this reservoir cannot be pure water, or even nearly pure water, 
unless the plant possesses some means of ridding the sap of such 
solute after its excretion either by its immediate change to solid 
form or its use in metabolism. In case pressure is due to an 
unequal distribution of solute within the cell then no excretion 



1 Pfeffer. Pflanzenphysiologie, ed. 2. 

2 Copeland, E. B. " Physiological Notes II ; an Artificial Endodermis Cell." 
Bot. Gaz., vol. 29, p. 437, 1900. 
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of the solute into the receiving reservoir would necessarily occur. 
The exuded sap, in such cases, might be pure water. 

That the production of comparatively great pressure is possible 
in either of these ways is apparent. As shown by Pfeffer's table 
(p. 146) a difference of one percent in concentration of sugar 
solution is equal to a pressure of about 0.69 atmospheres or 10.3 
lbs. (4.6 kg.). Twenty pounds pressure, which is about the 
maximum for the maple, would be equivalent to a difference of 
2 /o in concentration. This is not too great to expect considering 
that the percent of sugar in maple sap is from 1 to 5.5 and that 
local concentration might be much greater for a short time before 
diffusion. One might reasonably expect a higher pressure. 

It is very difficult to bring forward any general theoretical 
evidence to establish the impossibility of either the excretion of 
solute theory, or the unequal distribution theory. But the fact 
that sugar actually passes into the vessels in large quantities lends 
a probability almost convincing to the idea that the increased 
permeability allowing the sugar to escape is also the cause of the 
pressure. 

Maple wood is diffuse-porous, the vessels being scattered 
rather evenly throughout the annual ring, although they are per- 
haps slightly more numerous in the spring wood. The vessels 
are large, solitary, or, more usually, two or three together and 
surrounded by the moderately thick-walled wood fibers. These 
latter form the main bulk of the woody portion. Wood paren- 
chyma is very scarce, and is confined to a few rows of cells in the 
vicinity of the vessels at points where they are adjacent to the 
pith rays. There is some question whether this tissue is wood 
parenchyma since there are no cross walls as ordinarily; or whether 
the cells are not wood fibers like the rest but with cellulose walls. 
I am inclined toward the latter view since the similarity is other- 
wise so striking. The wood fibers are without markings but the 
vessels are densely pitted. Pith rays are numerous in maple and 
very large (Fig. 1). An estimate seems to show that they occupy 
about one fourth of the volume of the wood. The larger ones are 
from 8 to 10 cells high and from 3 to 4 cells thick, ellipsoidal in 
tangential section, and extend from the cortex to varying depths 
into the wood, some reaching to the center. The cells of the pith 
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rays are slightly smaller in diameter than are the wood fibers, and 
the walls are thick and lignified. In radial direction they are from 
3 to 5 times as long as wide. Through the various walls pits, 
extend. These are sparse on the side walls adjacent to the 
wood fibers, and are simply very narrow canals extending at least 
part way through the wall. I was not able to demonstrate that 




Fig. 1. — Maple wood, tangential section. Note the massive pith rays, and the 
large number of wood fibers. 



they passed entirely through. At any rate the communication 
laterally through the walls must be slight, and passage difficult. 
Similar narrow pits, though somewhat larger, are very abundant 
on the end walls, and, except possibly for a closing membrane, are 
very obviously continuous from one cell to another (Fig. 2)_ 
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When the pith, rays are contiguous to a vessel, large bordered pits 
are abundant in the common wall between them. Elsewhere on 
the vessels, pits seem to be absent, except in the walls between the 
few wood parenchyma cells and the vessels. Preparations stained 
with hematoxylin showed purple in the wood only where pith 




Fig. 2. — Pith ray of maple in radial view stained with iodine. The cavities of 
the four dark cells are filled with gas. This causes the pits to become 
very plainly visible. The dark bodies in the other cells are starch grains. 

rays, or the sparse wood parenchyma touched the vessels. It 
seems probable therefore, that all the walls are lignified except 
just at these regions that stain, and these probably remain cellulose. 
On March 25th, sections stained with iodine after the haematoxy- 
lin showed the pith rays well filled with starch. Starch was also 
present in abundance in the wood parenchyma cells about the 
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vessels, and in some of the wood fibers. The starch-containing 
fibers were mostly either adjacent to the vessels or clustered in a 
band at the end of each year's growth. The other wood fibers 
contained none at all. All of these cells with starch are living 
and contain protoplasm. In autumn we find the starch-con- 
taining cells of the maple packed full of this substance as in other 
trees. From the time cold weather commences until spring, 
starch is gradually converted into sugar. Fischer 1 has found 
this to be the case in many trees. The Vermont workers also 
found the starch content to decrease in early spring, and the 
sugar-content to increase. There is, however, no evidence to 
show that sugar is again reconverted into starch in late spring as 
Fischer states to be the case in some trees. It seems that the 
starch stored in the pith-ray cells and in the wood fibers described 
above is gradually converted into sugar as spring advances. Since 
there is no other source for the constantly increasing sugar content 
of the sap in the vessels it seems reasonably certain that this sugar 
escapes into the vessels from the starch cells where it is formed. 

If pressure and flow are due to the living cells they must then 
be due to the pith-ray system, the wood-fiber system, or both, since 
these constitute the living part of the wood. In wood, as shown 
by Sachs, the only direction in which water passes with difficulty 
is radially. In longitudinal and tangential directions there is 
little obstruction to the flow. Moreover, although in the previous 
discussions in this paper, the fiber walls were hypothetically con- 
sidered as almost impermeable to water, it seems more likely 
that one or even two walls intervening would retard the passage 
of water but little. At any rate, it is scarcely probable that a 
strand of starch-containing wood fibers contiguous to a vessel at 
one end would be more than two or three walls distant at the other 
end, and therefore there would be no way of obtaining for such a 
strand the two distinct water reservoirs necessary for the pro- 
duction of pressure. 

In order that a homogeneous membrane should become suddenly 
more permeable at certain regions at a definite rising temperature 



Fischer, A. "Beitrage zur Physiologie der Holzgewachse." Pringsh. 
Jahrb., vol. 22, p. 73, 1891. 
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only, it seems reasonable that some stimulus must be applied, and 
since other factors are practically constant, it seems reasonable to 
expect this stimulus to be the rising temperature. It is difficult 
to think of any other factor among the conditions obtaining in a 
bleeding maple tree that could give such a stimulus. But the 
temperature changes would reach all parts of a narrow longitudinal 
wood fiber at almost the same time, and the stimulus would not in 
that case be unequal. For these reasons it seems improbable 
that the wood fibers can take any great part in the production of 
pressure and flow. 

This is not the case, however, with the pith rays. Extending 
radially through the wood with few lateral pits and numerous 
end ones, they are admirably adapted for radial conduction with- 
out much lateral loss. Only at comparatively long intervals where 
they touch a vessel are they connected with the surrounding wood. 
The radial conduction of water in any wood is very limited, and 
the many layers of wood fibers in this case would form an especially 
efficient barrier between the inner and outer wood, each layer of 
which could here serve as one reservoir of the system. If we 
suppose the ray cells more permeable to sugar at the outer or the 
inner ends, then conditions are all suitable for the production of 
pressure and flow. The penetration of early morning heat would 
tend to warm all of the radially elongated ray cells at the outer end 
before the inner. Throughout the whole period of rising tem- 
perature therefore one end of each cell would be slightly warmer 
than the other. It is easy to conceive of this condition acting as 
a stimulus to cause a similar unequal permeability in all the cells. 

We may conceive of the phenomenon occurring somewhat in 
this way. During the winter months but little starch is converted 
into sugar. As spring approaches, and up to the time of vernation, 
the stored starch is gradually converted. In this way the sap of 
the living cell must become highly concentrated and the osmotic 
force very great. During constant temperature, however, the pro- 
toplasmic membranes are either almost equally permeable to sugar 
over all parts of their surface, or not permeable at all. The latter 
is not probable since the concentration within the cell would soon 
become very great. 

Rising temperature, however, by warming the peripheral ends 
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of the cells first, acts as a stimulus and causes the ray cells to be- 
come more permeable to sugar at one end, which is the same end 
in every case. Since the greater pressure and sugar content is in 
the outer wood, it seems probable that the outer ends of the ray 
cells rather than the inner become more permeable, and the flow 
would be therefore from the heart wood toward the cortex. In an 
untapped tree of course there would be scarcely any flow, simply 
statical pressure, but sugar would pass into the vessels just the 
same. But the mechanism cannot be quite as simple as it seems 
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Fig. 3. — Diagrams representing chains of pith-ray cells. I, II, III, cell cavities; 
a, cell wall separating membranes x and y. Tendency to 15 gm. pressure 
at one end of the cell and 5 gm. at the other. 

at first. . It will not do to assume simply that the membrane at 
one end of the cell becomes more permeable to the solute in both 
directions than does that at the other end. Let A and B in Fig. 
3 each represent three pith-ray cells, and the intervening shaded 
portions the cell walls between. Suppose that in A, at the x 
membranes of each cell, there is a tendency 1 to 15 gm. osmotic 
pressure, while at the y membranes there is a tendency to only 



1 The word tendency is here used because in all parts of a liquid the hydro- 
static pressure must really be the same. 
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5 gms. Sufficient sugar is passing out through the y membranes 
to equal the difference of 10 gms., pressure. The sugar now in 
chamber a would tend to exert a pressure of 15 gms. toward 
membrane x and a pressure of 10 gms. against membrane y, which 
would cause a reverse pressure of 10 gms. offsetting the pressure 
caused by the cell. Only if the solute could be carried away as 
soon as excreted could this mechanism work to produce pressure, 
but the assumption of such freedom for the solute would neces- 
sitate a still greater freedom for the solvent, which would make 
the existence of two unconnected reservoirs impossible. It is 
obvious therefore that no pressure can be produced by this method. 
In order to obtain pressure it is necessary to assume unequal 
permeability of the membrane in the two directions. In B we 
may suppose each end membrane to show a tendency to 5 gm. 
pressure on its left-hand side and 15 gms. pressure on its right. 
Then water would pass from the cell to chamber a under 10 gms. 
pressure, and from this chamber to the next cell under 10 gms. 
again, and so on. This arrangement would also account for the 
passage of sugar from one cell to another, which could not be 
explained by the first method. 

If, as there seems some reason to believe, the two membranes 
on either side of the cell wall act as one owing to the numerous 
plasma connections between them, then, as may be seen from C, 
(Fig. 3), the assumption of unequal permeability of the same 
membrane in opposite directions is the only one that will account 
for the phenomenon. It seems, therefore, that in any case we must 
assume not simply that the membrane at one end of the cell is 
more permeable than that at the other, but that each end membrane 
is more permeable in the direction toward the bark than toward 
the pith. 

I see no reason why the pressure produced by the various cells 
should not be accumulative, that is, if we have three cells each 
producing a 10 gms. pressure we might expect a pressure of 30 
gms. at the end of the series, or perhaps even double that if it is 
assumed that the cell wall forms a distinct chamber. For example, 
in B (Fig. 3) sap from cell I is forced into chamber a under 10 gms. 
pressure. Chamber a forces sap into cell II under a pressure of 
10 gms. also; but, disregarding friction, cell I would have forced 
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water through the cavity a into cell II with 10 gms. pressure if 
a had contained only pure water. Is it not reasonable then that 
sap would be actually forced into cell II under 10 + 10 gms. 
pressure, and so on ? If this is true then it would seem that the 
longer the pith ray the greater would be the peripheral pressure. 
Large trees would be expected to show more pressure than small 
ones. Unfortunately, records of pressure in trees of various sizes 
have not yet been made. 

But it is not necessary or even probable that this is the case. 
The temperature each morning penetrates the wood in a wave- 
like manner. Only a few cells in each pith ray would be subject 
to the critical temperature at the same time; those farther within 
would be yet unstimulated, while those farther out would be 
recovering from the stimulation. Therefore but few cells would 
actually take part in the production of pressure at any one time. 
If this is true, the size of the tree would have little effect upon the 
pressure, within certain limits. I am inclined to suspect, how- 
ever, that the diminished pressure in the branches and twigs may 
be, in the main, owing to this. 

The question naturally arises why, if conditions are as here 
outlined, a pressure of 9 kg. in the outer wood would not necessarily 
be accompanied by a suction of 9 kg. in the inner wood, or indeed 
by 9 kg. plus the natural suction of the tree; but no such suction 
as this has been recorded. It may be mentioned that there seem 
to be no recorded accounts of search for pressure or suction at a 
greater depth than 10 to 13 cm. But the question may be con- 
sidered from another standpoint. As stated above, the production 
of pressure would probably be confined to a comparatively few 
cells in each series. When pressure begins in the morning the 
active zone is near the bark, and water would be forced into a 
comparatively limited chamber, the contained gas would be 
rapidly compressed, and great pressure would be produced; but 
the water would be drawn from all the other layers of the trunk. 
The gas of all these layers would be expanded only a very slight 
amount, and little extra suction would be produced. Incidentally, 
the high pressures have all been recorded in the outer wood soon 
after flow began in the morning. 

The rising temperature probably does not act as a constantly 
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increasing stimulus, but as an abrupt one. As the critical temper- 
ature is reached the mechanism of stimulation is perhaps set off 
all at once, so to speak> and the maximum permeability is reached 
very soon, and consequently the maximum pressure and flow. As 
the day progresses either the already converted sugar in the cell 
is exhausted or the membrane gradually recovers its normal con- 
dition as it recovers from the stimulus. It seems more likely 
that the recovery is not due to the exhaustion of sugar content 
because on succeeding warm days without freezing nights there 
is still evident considerable fluctuation with temperature showing 
that some sugar is still there. Then again, if the membrane 
remained unequally permeable, the small amount of sugar con- 
version that does constantly occur would tend to maintain a 
constant though slight pressure until by a fall to 0° C. the mem- 
brane became again equally permeable; but instead suction usually 
soon occurs. It seems much more reasonable that after the abrupt 
stimulation the protoplasm should soon gradually recover its 
original condition. The slight fluctuation in pressure that occurs 
each morning even during a thaw period is probably due either 
to a recurring but slighter degree of difference in permeability, 
or to an abrupt increase in sugar production induced by the rising 
temperature. Since abrupt fluctuation in sugar production suf- 
ficient to cause pressure is improbable, the former hypothesis 
seems the more reasonable. 

There is no reason to believe the conversion of sugar to be 
otherwise than normal, that is, gradual and constantly progressive, 
less rapid when the temperature is low and more rapid when higher 
according to the normal action of enzymes. I see no reason to 
assume that at P C. enzyme activity is abruptly stimulated, thereby 
converting a large quantity of starch into sugar abruptly at one 
end of the cell, and thus causing pressure through the unequal 
distribution of the solute. It seems to me more probable that at 
a low temperature the membrane is comparatively and almost 
uniformly impermeable over its entire surface. Osmotic pressure 
is therefore high and the cells are very turgid. A rise of temper- 
ature to the critical point now causes the abrupt stimulating shock, 
sugar passes out at the peripheral ends of the cells, and both 
pressure and flow become great toward the outer wood. After 
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the first shock the cell begins to recover until the permeability is 
again equalized and pressure and flow cease. When the perme- 
ability is equalized at a high temperature, as well as at a low one, 
suction ensues. Hence the suction so often observed during the 
latter part of the thaw period. This suction may be partly due 
to the pressure having expelled part of the sap from the outer 
layers down toward the root or up toward the branches. Then 
after the restoration of equal permeability the tendency to equalize 
with the suction of the inner wood would tend to cause some 
suction in the outer trunk. The suction during cold nights may 
be partly due to the inner ends of the pith-ray cells being warmer 
than the outer thereby causing unequal permeability and con- 
sequent pressure in the reverse direction. But I believe that the 
wood of maple is normally under suction at this period, as is that 
of so many other trees, and that the return to suction either at a 
high or low temperature is merely a return to the normal. There 
is probably always some increase in permeability whenever one 
end of the cell is warmer than the other, hence pressure does not 
drop to zero until after the temperature has become equalized 
throughout the trunk each day; and on succeeding days, even if 
there has been no frost, the morning rise of temperature causes 
some pressure because of the same unequal warming. It seems 
reasonable to suppose that some sugar passes into the vessels at 
all times during the period of starch conversion, otherwise the 
concentration in the cells would become very great. The passage 
is probably less at low temperatures and greater at high temper- 
atures. The warmer end of the cell is therefore always the one 
toward which flow is directed. Maple probably differs from other 
trees having starch stored in the pith rays mainly in (a) the sen- 
sitiveness to temperature causing marked unequal permeability at 
the two ends of the cell and (b) the spasmodic effect of this stimulus 
when the temperature is rising past a certain critical point. 

The protoplasm of all sugar maple trees is probably not equally 
sensitive. For instance, for a number of years I have observed 
a tree which flowed comparatively little sap although this was 
unusually sweet, flowed less vigorously on a good sap morning 
than most trees, and continued flowing after the other trees had 
ceased during a warm spell. I suspect that here the protoplasm 
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was simply less responsive and less sensitive, less influenced by 
the rise in temperature, and much slower to recover after stimula- 
tion. In this way probably much of the observed individuality 
existing between different maple trees may be accounted for. 

The quantity of sugar in the sap of any tree would be no in- 
dication of the difference in permeability, that is of pressure. 
This sugar content depends upon the total quantity of starch 
stored in the pith rays and the rapidity of conversion as well as on 
the permeability. The relatively greater quantity in the sap of 
the outer wood over that from the inner layers, on the other hand, 
would probably be proportional to the amount of pressure and 
flow. 

The flow is not always as great as the pressure would lead one 
to expect. This may be because in these cases the available 
supply of water in the wood is less than usual. 

Since each annual cylinder of wood with its system of vessels 
is in the form of a cone each extending higher on the tree than the 
preceding, water would probably tend to pass from the shorter 
layers to the higher ones, thus helping to raise the water in the 
tree. Water for the inner layers would probably be drawn prim- 
arily from the soil. Pressure in the twigs and branches is usually 
much less than in the lower trunk. This may be for three reasons, 
viz., — because the temperature would equalize so quickly, because 
the radial chains of pith-ray cells would be shorter than in the 
trunk, or because of a less unequal permeability in the cells of the 
twigs. When a small branch or twig is cut off, sap flows fromi 
both surfaces but under no great pressure. I believe that the 
main portion of the flow in severed branches is due to the com- 
pressed air caused by the forcing up of sap into this part of the 
branch from the wood below. 

Sugar probably passes from the wood fibers from the longitu- 
dinal faces if unequal temperature affects them in a similar manner,, 
and owing to the narrow diameter of the fibers the flow thus caused 
would probably return again to the other side of the fibers with- 
out causing much, if any, pressure. 

An objection to this theory which quickly comes to one's mind 
is the following. Why should the excreted sap pass through the 
pits into the next cell rather than around back between the plasma 
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membrane and the cell wall to the other end of the cell, thus pro- 
ducing a flow back through the cell without evident pressure? 
This seems impossible to answer at the present state of our knowl- 
edge, but it must be remembered that all theories of pressure pro- 
duced by unequal permeability must meet this same objection. I 
believe, however, that a more critical study of the cell will event- 
ually settle this point. 

Regarding the water in the inner and outer layers, the Vermont 
Bulletin gives determinations up to a depth of 15 cm. only, and 
these are the only ones available. It was found on December 
13th that the water content of the outer wood was considerably 
greater than the inner (37.5 Jo and 24 fo). From that time until 
March 11th the percent in the outer layers decreased to 33.4 Jo 
while that of the inner wood increased to 39.1 Jo, thus giving a 
greater percentage for the inner layers. From then until April 
28th there was an increase in both layers, but principally in the 
inner. At about this time the buds began to open and the water 
content of both fell abruptly. Along toward the first of June 
the content of the outer layers again became greater than the inner 
for a few weeks. These results seemed at first to present an 
objection to the present theory in that one would expect a greater 
water content in the outer layers into which the water would be 
forced from the deeper wood by the pumping action of the pith 
rays. After further thought, however, I am inclined to believe 
that the above readings are to be expected. The outer layers are 
subjected alternately to much greater pressures and suctions, 
while farther within the fluctuations are moderate, with pre- 
dominating suction. It is reasonable to suppose that such violent 
fluctuations would gradually cause the accumulation of gas in 
these outer layers, and especially since these are near the exterior. 

Why this particular temperature of from 1° to 3° C. should be so 
efficient in causing abrupt stimulation rather than any other is 
also an unsolved question. It must be noted, however, that 
several other phenomena seem to be connected more or less 
definitely with the same temperature, namely the exudation of 
water from the surface of Spirogyra threads already mentioned, 
and the gradual death of Coleus and other tender plants when 
subjected to this temperature but not frozen. This being the 



No. 474] SAP FLOW IN MAPLE 449 

temperature at which pure water is at its greatest density suggests 
that a re-arrangement of molecules in the water might be the source 
of the stimulus. The objection to this is that only pure water 
has this point of maximum density while in solutions of but slight 
concentration the point rapidly approaches the freezing point, 
and soon these two are identical. 

It must be borne in mind that the idea that pressure is due to 
unequal permeability as above outlined is theory, not demon- 
strated fact. Its usefulness should lie in directing future in- 
vestigation. 

Trees that Bleed Late in Spring 

Trees of this second group show quite a different behavior in 
regard to the environmental factors, especially temperature. In 
general the seasonal flow steadily increases from its inception 
until the maximum is reached and then as gradually declines. The 
composition of the sap of the different species differs according 
to the date of flow, and especially the time of beginning. There 
is little similarity in the composition of the sap in the different 
species. That of birch contains a large percent (6 fo) of sugar, 
but this is glucose, not cane sugar, while that of the grape is almost 
pure water and contains no sugar. If trees of this class are cut 
down, the stump surface will continue to bleed, in the birch and 
grape very freely, while the cut surface of the trunk will soon 
become dry. 

According to Clark, the black birch begins to bleed about 
April 1, attains its maximum the last of April, and stops about 
the middle of May. The wild grape commences about May 1st, 
arrives at its maximum of flow and pressure about May 30th, and 
ceases early in June. The pressure and flow in both of these plants 
fluctuates very little as compared with the maple, and depends 
very little on the temperature of the air. Great changes in tem- 
perature affect the pressure slightly, but only after several hours. 
Nearly the whole fluctuation consists in a regular diurnal periodi- 
city greatest at night and less in the morning. In this group 
of trees the phenomenon is without doubt one of root pressure, 
and the fluctuations are characteristic root pressure fluctuations. 
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According to Clark, holes bored at different heights in a birch tree 
showed that the column of sap was supported almost entirely by 
the pressure from the root at the base. 

The difference between the bleeding phenomena of the group 
of trees which bleed in late spring, and then mainly from the root, 
and the trees of the maple type is, after all, perhaps mainly one of 
degree only. Although in early spring there is no bleeding from 
the root but rather suction in the maple, later in April when the 
leaves are about to appear, root activity is evident here also, though 
always moderate. Eliminating the peculiar earlier stem pressure 
the condition in the maple would be normal for the other group. 
In the case of young maple saplings the root activity begins con- 
siderably earlier than in large trees, probably due to the shallower 
root system. This also happens in the roots of young birch sap- 
lings. In the case of these young maple saplings I am inclined 
to believe that the flow was perhaps entirely due to root pressure. 

On the other hand, the conversion of starch in the trunk and 
branch cells of the birch tree may take place at a later date than 
in the maple and without the accompanying spasmodic changes 
in the permeability of the membranes. Conversion seems to 
commence in the root in this case and progress upward, but this 
point has not been definitely proven. It seems more natural to 
expect the starch of the trunk in these trees as well as in the maple 
to be converted before that in the roots owing to the retarding 
effect of the slowly warming soil. Whether the trunk tissues of 
birch take part in producing pressure late in the season has not 
been carefully investigated. From the experiments of Clark it 
seems rather doubtful. As we have already learned, pressure is 
not a necessary accompaniment of the escape of sugar from living 
cells into the vessels. 

If we accept the cell-activity theory for the sap flow in the maple 
as the most probable, then it seems likely that the difference 
between the trunk cells of birch and the other trees of this group 
and those of the maple lies in the inability of the temperature or 
any other stimulus to cause unequal permeability of the proper 
nature (i. e., with the proper mechanism) to cause pressure. 
Therefore the only pressure evident in the birch is the so called 
root pressure. 
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Owing to the difference in structure between roots and stems, 
the exact mechanism having to do with the root exudation pheno- 
mena in all these trees is a different problem, and not to be dis- 
cussed here. 

Molisch 1 has recently come to the conclusion that many cases 
of bleeding, in trees through tap-holes or other wounds are local, 
and exist only after the incision is made. The wound here acts 
as a stimulus starting repair phenomena, with increased turgidity 
of the neighboring cells. He is inclined to believe, however, that 
the spring flows in maple, birch, and grape are general phenomena, 
and of another category. To me it also seems that the conditions 
outlined at the beginning of this paper rather preclude the con- 
sideration of the maple phenomena as local. But I cannot see 
that the fact that they were local would in any way preclude the 
action of the pith rays as here outlined. 

Summary 

1. The source of pressure for the bleeding of trees in spring 
seems to be localized in different portions of the plant in different 
species. 

2. Trees may be roughly classified into two groups in this re- 
gard: (a) those in which the source is mainly in the trunk and 
branches. These, as for example the maple, bleed early in the 
season, (jb) Those in which the source is in the root only. These 
bleed later in the spring, as for example the birch and grape. 

3. Only the problem of the cause of pressure in the maple is 
considered in this paper. 

4. There seems to be an undoubted relation between the oc- 
currence of pressure in the maple and the fluctuations in temper- 
ature. 

5. In connection with no other fluctuating factor of the en- 
vironment can such relation be shown. 

6. Pressure exists only when the temperature is rising. When 
it falls or remains constant, suction occurs. 

1 Molisch, H. "Ueber localen Blutungsdruck und seine Ursachen. ,, Bot.. 
ZeiL, vol. 60, p. 45, 1902. 
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7. Except when the temperature is rising past the vicinity of 
0° C. the pressure is very moderate or slight. In the latter case, 
however, it may rise to the height of from 6 to 9 kg. per sq. in. 
in less than one and one half hours. Pressure then begins, to fall 
whether or not the temperature still continues to rise. 

8. The flow is in a general way coincident with, and propor- 
tional to, the pressure. 

9. Expansion of gas in the wood can by no means account for 
the amount of pressure exhibited by the maple; and such ex- 
pansion is likewise probably incapable of accounting for the total 
amount of flow. 

10. Water expansion in the wood, while it can readily account 
for the pressure, if confined, is probably not so closely confined, 
and at any rate is incapable of accounting for the volume of flow. 

11. The expansion of the wood can account for the pressure 
only when the sap is confined, and such complete confinement is 
highly improbable. It cannot account for the volume of flow. 

12. No combination of these theories can produce a sufficient 
explanation of both pressure and flow. 

13. Freezing is not capable of accounting for the phenomenon. 

14. The only theory so far advanced that can account for all 
the observed phenomena is the living-cell theory. This seems in 
most respects satisfactory. 

15. Living cells could produce pressure by contraction only 
when the outlet of the cell is unconnected with the chamber imme- 
diately around the contracting membrane. The structure of the 
cell renders this improbable, and besides, the delicacy of the proto- 
plasmic membrane precludes the formation of such high pressures 
by this means. 

16. Osmotic phenomena seem the only resource. Only by 
flow through the cell from one reservoir to another, due to the un- 
equal osmotic permeability at the two ends, does it seem possible 
to obtain pressure by this method. Osmosis in this way seems 
sufficient to account for even more than 9 kg. pressure. 

17. The pith-ray cells seem the only ones in the wood in posi- 
tion to fulfil the above requirements. 

18. The most probable explanation at present is that the pith- 
ray cells, stimulated by the rising temperature, become unequally 
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permeable thus setting up a current and accompanying pressure 
from the pith toward the bark. 

19. The maple type seems to differ from the birch type prin- 
cipally in the localization of the active cells mainly in the trunk, 
rather than in the root ; and in the spasmodic action of these under 
certain stimulation. 

20. It is quite possible that careful research will show no such 
irritability in the butternut and other trees of this group as is found 
in the maple. 



